GRP78 is a major endoplasmic reticulum chaperone as well as a master regulator of the unfolded protein response. In addition to playing an essential role in early embryonic development, recent studies have emerged specifically implicating GRP78 and chaperone integrity in the aging process and age-related diseases. Another exciting discovery is the regulation of GRP78 by insulin/IGF-1 signaling pathways impacting cell proliferation and survival. Mouse models of cancer, in combination with cell culture studies, validate the critical role of GRP78 in tumorigenesis and tumor angiogenesis. Further, these studies demonstrate the ability of GRP78 to suppress oncogenic PI3K/ AKT signaling. The discovery of cell surface GRP78, in cancer cells and cells undergoing ER stress, presents a novel therapeutic strategy. 
Introduction
The 78 kDa glucose regulated protein 78 (GRP78), also referred to as BiP or HSPA5, is a highly abundant endoplasmic reticulum (ER) chaperone. Along with its role in protein folding, GRP78 is also known to be an important component in modulating the unfolded protein response (UPR) [1] . Under conditions of ER homeostasis, GRP78 constitutively binds to and maintains the three UPR transmembrane sensors, ATF6, PERK, and IRE1 in an inactive form [2] . Under conditions of ER stress when unfolded proteins accumulate in the lumen of the ER, GRP78 is released from the UPR sensors, leading to their activation. The activated UPR relieves ER stress by decreasing protein translation and increasing the folding capacity of the ER, which includes the upregulation of GRP78. Importantly, if ER homeostasis cannot be restored, the UPR is capable of inducing apoptosis.
Recent research has demonstrated that normal physiologic processes induce ER stress and require GRP78, as well as an intact UPR, to restore and maintain homeostasis. At the most basic level, GRP78 is required for embryonic growth and development [3] . Mouse embryos with homozygous knockout of GRP78 exhibit severe proliferative defects, apoptosis of the inner cells mass, and embryonic lethality at day 3.5 [3] . Transgenic mouse strain harboring the Grp78 promoter driving the expression of the LacZ reporter gene further showed that Grp78 induction was prominent in the embryonic heart at day 11 and the induction was mediated through the ER stress response element [4] . Other genetic mouse models targeting various UPR components have also shown that an intact UPR is critical for survival [5] . Taken together, these studies demonstrate that normal physiologic processes are capable of producing ER stress, and that the ability to respond to this stress is vital. Beyond its essential role in embryonic development, GRP78 has been implicated in adaptive responses to a diverse array of cellular processes [1, 6, 7] . Thus, the purpose of this review is to discuss recent discoveries on the emerging roles and the regulation of GRP78 under both physiologic and pathologic conditions. Specifically, we will focus on GRP78 in the context of aging, the regulation of GRP78 as both a downstream target and upstream effector of the insulin and IGF-1 signaling pathway, and the involvement of GRP78 in pathological conditions such as metabolic disorders and cancer.
The role of GRP78 and ER stress in aging
Aging is an independent risk factor for diseases such as cancer, Alzheimer's and Parkinson's diseases. Evidence is emerging that ER stress plays a causative role in the aging process. For example, ablation of the UPR protein, IRE1, completely reversed the increased longevity normally observed in Caenorhabditis elegans bearing a mutation in the insulin like growth factor-1 receptor [8 ] . IRE1 expression was required for the activation of adaptive genes which promote longevity in the IGF-1r mutants [8 ] . Further, the adaptive response stabilized ER homeostasis and enhanced resistance to ER stress [8 ] . These findings suggest that ER homeostasis and an increased capacity to maintain homeostasis are important factors in mitigating the detrimental effects of aging.
Aging leads to a significant decline in the protein expression and activity of several ER chaperones, including GRP78. A reduction in GRP78 expression was observed in both brain and hepatic tissues of old vs. young rodents, and is thought to contribute to age-related impairments in cellular function [9] [10] [11] [12] [13] . For example, decreased GRP78 and other chaperone proteins in the brain of old rodents were associated with increased susceptibility to ER stress induced apoptosis vs. the young [9] . Old mice exhibited lower GRP78 expression in brain tissue as well as an inability to adapt and overcome ER stress induced by acute sleep deprivation compared to young mice [10] . In hepatic tissue, old mice exhibited increased oxidative damage to GRP78 as well as significantly reduced GRP78 activity [11, 12] . Additionally, despite no ageassociated reduction in overall ER protein content, hepatic GRP78 protein was reduced by a striking 39% in mice that were observed over a lifetime [13] . Taken together, age related declines in chaperone level or activity and the UPR can compromise adaptive capacity and lead to ER stress (Figure 1) . Furthermore, unmitigated ER stress over time is likely to be an important factor in ageassociated pathologies. However, the majority of studies regarding GRP78 and aging at this point have been largely observational. Thus, further study is required to uncover the precise mechanisms on how loss of GRP78 can mediate aging and age-related diseases.
The role of GRP78 in insulin-mediated protection and chaperone balance Insulin and insulin like growth factor-1 (IGF-1) stimulate protein synthesis, proliferation, and anti-apoptotic signaling via induction of mitogen activated protein kinases (MAPK) and PI3K/AKT/mTOR signaling. An estimated one third of all newly synthesized proteins are folded and processed in the ER. This suggests that insulin and IGF-1 signaling could be coupled to GRP78 expression and the adaptive UPR. In fact, there is a growing body of recent literature which demonstrates that GRP78 level, and the UPR, can be regulated by insulin and IGF-1 under a variety of conditions. For example, feeding, which is characterized by an elevation in plasma insulin and protein synthesis, can activate UPR components in both liver and pancreas, indicating a role for the UPR in the context of a common physiologic perturbation [14, 15] . In rat hepatic tissue, the feeding induced increase in GRP78 and the activation of UPR components in response to feeding was mTOR dependent [14] . However, the cellular mechanism(s) by which mTOR regulates the UPR in response to feeding remains to be determined.
Recently, several studies using cell culture systems have demonstrated that insulin can augment the UPR and protect cells against ER stress induced apoptosis. Insulin treatment of human neuroblastoma cells led to a PI3K dependent increase in GRP78 expression and mitigated cell death in response to the ER stress inducer, thapsigargin [16] . In a study using MCF-7 and NIH/3T3 cells, treatment with IGF-1 also conferred protection against ER stress induced apoptosis [17 ] . The protective effect of IGF-1 in these cells was attributed to an enhanced activation of the UPR which led to an adaptive increase in folding capacity, exemplified by the induction of GRP78 [17 ] . Furthermore, inhibition of either protein translation or MAPK activity, including PI3K, failed to prevent IGF-1 mediated protection against ER stress induced apoptosis [17 ] . Thus, the pathway(s) mediating IGF-1 protection under these conditions are yet to be identified. Importantly, two recent independent reports revealed that there is direct interaction between PI3K and UPR signaling [18, 19] . The ability to increase GRP78 in response to ER stress was impaired by 50% in PI3K À/À preadipocytes [18] . Taken together, these studies demonstrate that insulin and IGF-1 can regulate Aging leads to ER stress. The physiological process of aging can lead to ER stress via three main mechanisms; increased oxidative damage, decline in chaperone expression and activity, and reduced adaptive capacity of the ER. Prolonged ER stress contributes in part to age related disease development.
GRP78 expression and augment the adaptive capacity of the UPR under ER stress conditions. However, the exact mechanisms by which insulin and IGF-1 mediate this regulation are not clear, and warrant further investigation.
While it appears that GRP78 expression is a downstream target of insulin, recent evidence also suggests that GRP78 and the overall balance of ER chaperone proteins can regulate whole body insulin sensitivity, glucose homeostasis, and protect cells during acute stress. Obesity and type II diabetes are metabolic disorders characterized by insulin resistance and hepatic steatosis. The existence of ER stress in the context of the metabolic syndrome has been documented [20, 21] , and chaperone balance could be an important regulator of insulin sensitivity and glucose homeostasis. For example, administration of chemical chaperones to ob/ob mice reduced markers of ER stress, restored glucose and insulin homeostasis, mitigated weight gain, and increased hepatic insulin sensitivity [22] . Similarly, a specific increase in GRP78 using adenovirus was able to reduce hepatic steatosis and improve insulin sensitivity in ob/ob mice [23 ] . GRP78 mRNA was decreased in adipose tissue of gastric bypass patients after weight loss, implying that the relationship between obesity-related ER stress and metabolism dysfunction exists in humans as well [24] .
Given the important role of GRP78 and chaperone proteins in maintaining glucose homeostasis and weight gain resistance, it would be expected that a reduction in GRP78 protein would exacerbate the development of obesity and diabetes in response to a high fat diet. However, depending on the genetic background and specific tissues, loss of GRP78 could elicit different responses when exposed to dietary stress. A recent study showed that compared to wild type siblings, Grp78 heterozygous (+/À) mice in C57/B6 genetic background were protected from the metabolic abnormalities normally observed after long-term exposure to high fat diet. Grp78+/À mice fed a high fat diet for 30 weeks demonstrated less weight gain, greater insulin sensitivity, increased energy expenditure, and improved glucose homeostasis independent of adiposity [25 ] . The studies revealed that under high fat diet stress, Grp78 haploinsufficiency activated the adaptive UPR in white adipose tissue which led to a compensatory increase in the expression of other ER chaperone proteins [25 ] . This, coupled with attenuation of translational block and upregulation of ER associated protein degradation, leads to improved ER quality control and folding capacity and contributes to the metabolic protection observed in Grp78+/À mice [25 ] .
The importance of chaperone balance in mitigating the detrimental effects of cellular stress was also demonstrated in the case of acute pancreatitis [26] . Pancreatic acinar cells are professional secretory cells with an extensive ER structure for processing high protein load. Grp78 heterozygosity protected pancreatic acinar cells against cerulein induced pancreatitis in a diet and genetic-background dependent manner [26] . Protection was conferred under conditions in which there was a compensatory rise in ER chaperone proteins, such as GRP94, calreticulin, and calnexin [26] . The adaptive metabolic pathways in response to Grp78 haploinsufficiency are summarized in Figure 2 .
The role of GRP78 in cancer diagnosis and tumorigenesis
Cancer cells are characterized by altered glucose metabolism and the tumor microenvironment is marked by impaired blood flow and hypoxia, all of which can cause ER stress. Under such conditions, tumor cells overexpress GRP78 and the pro-survival characteristics of GRP78 aid in tumor progression and chemoresistance [27] . Several recent studies in humans have demonstrated an important association between GRP78 and patient outcome. For example, in 219 prostate cancer patients, GRP78 expression was strongly associated with castration resistant tumor cells [28] . In this and other studies, increased GRP78 was associated with greater risk for cancer recurrence and an overall decrease in patient survival [28, 29] , suggesting that GRP78 could be an important novel prognostic indication for development of castration resistance and recurrence in prostate cancer patients. Similarly, overexpression of GRP78 is correlative with progression of melanoma [30] . For breast cancer, the discovery of Triggering of adaptive UPR by Grp78 haploinsufficiency suppresses detrimental effects of diet induced stress. Grp78+/À mice subjected to chronic ER stress induced by high fat diet activate the adaptive UPR in a tissue and genetic background dependent manner, leading to increased ER chaperones and improved metabolic phenotypes.
predictive factors for chemoresistance is critical for improving adjuvant therapy for cancer patients. Retrospective analysis showed that about 67% of study subjects expressed high level of GRP78 in their tumors before chemotherapy and for patients treated with adriamycin alone GRP78 positivity correlated with a shorter time to recurrence [31] . Interestingly, this and another study revealed that high GRP78 level may predict greater response to adjuvant taxane therapy in breast cancer [31, 32] . Nonetheless, the interaction between GRP78 and/or the UPR pathways with adriamycin/taxane therapy remains to be determined.
The utilization of knockdown and overexpression techniques, as well as genetic mouse models, has furthered our understanding of the role GRP78 plays in tumor development, progression, and chemoresistance. Malignant gliomas are among the most chemoresistant tumors. GRP78 is expressed at very low levels in normal brain but is highly elevated in malignant glioma specimens and human malignant glioma cell lines, correlating with their rate of proliferation. Knockdown of GRP78 by siRNA reduced the growth rate and increased chemotherapy induced apoptosis in multiple glioma cell lines [33] . Similarly, GRP78 downregulation by siRNA or treatment with a GRP78-specific subtilase toxin produced a synergistic enhancement with ER stress inducing chemotherapy agents, enhancing cell death in melanoma cells [34] . Not only is GRP78 important for tumor cell survival, but also supports the growth and chemoresistance of tumorassociated endothelial cells (TuBECs). TuBEC cells demonstrated increased GRP78 expression compared to blood vessel cells from non-malignant tissues (BECs) [35] . Further, siRNA mediated knockdown of GRP78 sensitized TuBEC cells to chemotherapy; whereas BEC cells overexpressing GRP78 acquired chemoresistance [35] . Recently, it was reported that distinct solid tumor cells were able to secrete GRP78 into the microenvironment and recombinant GRP78 can confer chemoresistance to endothelial cells [36] . Thus, GRP78 may have roles beyond the ER compartment.
In a transgene-induced endogenous mammary tumor model, Grp78 haploinsufficiency exhibited delayed tumor latency, decreased tumor proliferation, increased apoptosis, and decreased tumor angiogenesis [37] . Mutation or inactivation of the tumor suppressor gene Pten is commonly observed in human cancer. Mouse with homozygous deletion of Pten in the prostate epithelium presents an excellent model for prostate cancer development as it mimics human pathology [38 ] . Strikingly, in mice harboring biallelic conditional knockout of both GRP78 and PTEN in the prostate epithelium, prostate tumorigenesis was potently arrested [38 ] . This provides the first evidence that GRP78 is required for tumorigenesis driven by loss of PTEN, which leads to activation of the PI3K/AKT oncogenic pathway.
Recent studies support an interaction between PI3K/ AKT signaling and GRP78 as a mechanism by which GRP78 can facilitate tumor growth and resistance to apoptosis. Evidence suggests that in the context of cancer, GRP78 can serve as both a downstream target and an upstream regulator of PI3K/AKT signaling. The oncoprotein p28 gank , which is overexpressed in human hepatocellular carcinoma, was recently demonstrated to upregulate GRP78 protein expression and suppress ER stress induced apoptosis in an AKT dependent manner [39] . Suppression of p28 gank decreased phospho-AKT levels, whereas overexpression of p28 gank increased phospho-AKT, in ER stressed hepatoma cells [39] . Furthermore, inhibition of AKT signaling significantly reduced the p28 gank dependent increase in GRP78 expression in stressed cells, and sensitized cells to apoptosis [39] . Other reports demonstrate that GRP78 can act as an upstream regulator of AKT activation in cancer. ER stress resistant lung cancer cells displayed GRP78 and phospho-AKT dependent chemoresistance [40] . Further, in this model GRP78 knockdown decreased phospho-AKT expression, but neither overexpression nor chemical inhibition of phospho-AKT affected GRP78 expression [40] . In mice with the tissue specific knockout of Grp78 and Pten in the prostate epithelium, immunofluorescence staining of the epithelium showed a dramatic reduction in phospho-AKT levels compared to mice harboring only the Pten deletion [38 ] . Furthermore, siRNA knockdown of GRP78 protein led to a reduction in phospho-AKT levels in both ER-stressed and non-stressed PC3 prostate cancer cells [38 ] .
Taken together, GRP78 plays an important role in tumor development and chemoresistance in a wide variety of cancer. Given the relative abundance of GRP78 protein level, the availability of commercially available antibodies against GRP78 and established staining protocols for GRP78 in paraffin-fixed sections [31, 41] , measuring GRP78 expression in tumors has the potential to be an accessible and useful method for assessing and planning cancer treatment strategies. Additionally, despite recent progress in identifying key mechanisms by which GRP78 can regulate tumor progression and its obligatory role in the tumor microenvironment, more research is needed to expand our understanding of pathways and mechanisms regulated by GRP78 in cancer.
The emerging role of cell surface GRP78 in cancer and cancer treatment
Recent research regarding the expression of GRP78 at the cell surface presents exciting new areas in GRP78 regulation and cancer therapeutics. Cancer cells, as well as cells undergoing ER stress, express GRP78 on the outer plasma membrane [7, [42] [43] [44] . Cell surface GRP78 has been demonstrated to act as a receptor, and several small proteins which are upregulated in cancer, can bind to surface GRP78 and modulate proliferation [44] [45] [46] [47] .
For example, the oncoprotein Cripto was shown to bind to cell surface GRP78 and stimulate growth [46, 48 ] . Several studies implicated that cell surface GRP78 signaling acts through activation of AKT [44, 47] . Thus, ligation of cell surface GRP78 by antibody was reported to block growth rate and PI3K/AKT signaling [47] . The observation that cell surface GRP78 is largely expressed in cancer cells but not in normal organs, coupled with antibody targeting, makes cell surface GRP78 a potential anti-cancer target. Indeed, several studies have begun to address this possibility with promising results [42, [49] [50] [51] [52] [53] ].
In conclusion, while the overt role of GRP78 in ER stress signaling and its increased expression in various types of cancer are well established, the regulation of GRP78 under various physiologic conditions and its many roles in disease are just emerging. The studies reviewed here mark an exciting expansion in our understanding of GRP78 signaling and regulation (Figure 3) . Furthermore, insight into the mechanisms by which GRP78 acts will provide valuable information regarding processes such as aging and insulin signaling, as well as present viable therapeutic strategies for the treatment of a number of pathologic conditions. The role of GRP78 in physiologic and pathologic stress. GRP78 in the ER plays a critical role in physiologic processes such as development, aging, and insulin/IGF-1 signaling. ER GRP78 serves to properly fold proteins, regulate UPR signaling, maintain chaperone homeostasis, and protect against apoptosis. GRP78 also plays an important role in a number of pathological conditions, including cancer, diabetes, obesity, and acute pancreatitis. Under ER stress conditions, and particularly in cancer, a subfraction of GRP78 translocates to the plasma membrane and is expressed on the cell surface. Cell surface GRP78 can function as a receptor, augment growth signaling, apoptotic signaling, and presents a potential therapeutic target in cancer treatment. N, nucleus; ER, endoplasmic reticulum; C, cytoplasm; Bik, Bcl-2-interacting killer; C-7, pro-caspase-7; IRE1, inositol-requiring enzyme 1; PERK, PKR-like endoplasmic reticulum kinase; ATF6, activating transcription factor 6; ( ) GRP78; ( ) nascent protein.
